Nomenclature airfoil chord length airfoil surface arc length measured from the leading edge freestream static temperature surface velocity surface velocity normalized by Vz freestream velocity airfoil coordinates angle of attack relative to the chord line effective angle of attack relative to the nose-section chord line, a -y local impingement efficiency circulation strength normalized by Vzc nose droop angle droplet diameter flap deflection vere weather conditions.'· s To improve flight safety a better understanding of the effect of ice accretion on the aerodynamic performance of modern airfoils is required. One important step in the process is to evaluate the aerodynamic performance of the airfoil sections, or the wing as a whole. at the icing conditions within the certification icing envelope that results in the largest performance penalties.
. For aircraft safety one of the most important performance parameters is the maximum lift coefficient. Therefore. while drag and pitching moment are important. the icing condition that results in the largest degradation in maximum lift coefficient is the most critical. The determination of the critical ice accretion and its aerodynamic effect on a set of modern airfoils, typical of those in use on aircraft. is under way at NASA Lewis Research Center. The research reported here is part of this larger effort. fs = full-scale airfoil Because of the difficulties and uncertainties in ice accretion scaling, 6 -11 testing at full-scale is desirable yet costly. Moreover, available ice accretion tunnels are too small to test fullscale airfoils or wings of most aircraft of interest. One way to expand the usefulness of existing icing tunnels and to facilitate testing of aircraft de-icing/anti-icing systems is to test hybrid airfoils or subscale airfoils with full-scale leading edges and redesigned aft sections, to provide full-scale icing conditions at the leading edge. The term hybrid method refers to using a full-scale leading edge to match the full-scale ice accretion. The aft section of the hybrid airfoil is specially designed to provide flowfield and droplet impingement similar to that on the full-scale airfoil leading edge. One such approach used airfoils with full-scale leading edges and truncated aft sections to simulate the tlowfield of the full scale, thereby avoiding altogether the ice-accretion process on the airfoil leading edge and the associated scaling issues.
12 Interestingly, neither the approach nor its range of application received much attention. despite its numerous merits, such as permitting an in-depth study of droplet impingement and ice accretion on full-scale leading-edge sections within the capabilities of current icing research facilities. Moreover. the method may also prove useful for aircraft company icing certification.
Introduction

R
ECENT aircraft accidents have raised important flight safety issues related to the operation of aircraft under sePresented as Paper 97-0054 at the AIAA 35th Aerospace Sciences Meeting, Reno, NV, Jan. 6-9, 1997; received May 15. 1997; revision received Sept. 15. 1997 In the absence of a systematic study to provide insight into the design of the aft section. a recent study was carried out in which a design procedure for hybrid airfoils was successfully developed and demonstrated with specific design examples." The study showed that hybrid airfoils could be designed to exhibit the full-scale velocity distribution on its nose section as well as full-scale droplet-impingement characteristics and. therefore. ice accretion. An inherent limitation of the design procedure outlined in the study'' is that the method was restricted to a single-point design and. therefore. lacked the capability to handle off-design cases. Moreover. the method used the matched lift coefficient technique to correct for viscous effects.
To overcome these limitations. the present study was carried out with the objective of expanding the scope of the singlepoint design procedure of Ref. 13 to a method that enables the hybrid airfoils to exhibit full-scale velocity distributions as well as droplet-impingement characteristics and, therefore, full-scale ice accretions throughout a desired a range.
•
The task of simulating off-design full-scale droplet impingement. as will be shown later. is successfully accomplished by introducing a plain flap on the hybrid airfoil. The use of a plain tlap. however. fails to simulate full-scale velocity distribution at the off-design conditions. Because differences in the velocity distribution on the nose section will affect both the thermodynamics of ice accretion and droplet impingement on the surface, it therefore becomes necessary to simulate the fullscale velocity distribution in addition to droplet impingement at the off-design conditions. Thus. to simulate the full-scale velocity distribution as well as droplet-impingement efficiency on the nose section of the hybrid airfoil throughout a desired a range. it is necessary to formulate a multipoint hybrid airfoil design method.
To set the stage for the multipoint design method, this paper presents the design of two half-scale hybrid airfoils that are designed at two different angles of attack. such that they simulate the full-scale nose-section velocity distributions as well as the droplet-impingement characteristics at their respective design angles of attack. The velocity distribution and dropletimpingement characteristics of the two hybrid airfoils are then analyzed at an off-design angle of attack and compared with that of the full-scale airfoil. The results are then used to highlight the limitations of the present method and. therefore. suggest a need for a multipoint design method. Important compromises that must be made to achieve a multipoint design for full-scale ice-accretion simulation throughout a desired a range are also discussed.
Design Approach
The hybrid-airfoil design procedure for the full-scale flowfield and droplet-impingement simulation uses both validated computational airfoil aerodynamics and droplet-impingement codes,
-
29 specifically, an inverse design method, 16 the Eppler code, 17 -'" X FOIL. 22 and AIRDROP.' 7 Reference 13 provides a brief discussion of each of these codes. For a more detailed discussion, the reader is referred to the associated literature.
Unlike the method presented in Ref.
13, wherein the potential flow is corrected for viscous effects using the matched lift coefficient technique, the present method uses a modified version of XFOIL. The modified version of XFOIL was obtained by integrating the droplet-trajectory and droplet-impingement calculation subroutines from the AIRDROP code into XFOIL. This was done to take advantage of XFOIL's ability to analyze both inviscid/viscous flow and incompressible/subcritical flows (unlike the AIRDROP code, which is based on an incompressible flow formulation l. In this paper. the modified version of XFOIL is referred to as the XFOILIAIRDROPcode. Once the ftowfield is determined using known flight and icing conditions. the droplet-trajectory calculation subroutines are then used in conjunction with the flow-solver subroutines to determine the droplet-impingement characteristics of the airfoil.
A conceptual illustration of the hybrid airfoil design procedure is shown in Fig. I . A brief summary of these steps follows. First. a full-scale airfoil geometry is selected and the desired flight and icing conditions are specified. In particular. the Lear Jet 305 airfoil (Fig. 2) is used in this study to demonstrate the design procedure. The XFOILIAIRDROP code is then used to predict the limits of droplet impingement on the full-scale airfoil. These full-scale limits of impingement are then used to establish how much of the full-scale upper and lower surfaces are used for the subsequent hybrid airfoil shapes. As in Ref. 13 . this leading-edge section. which uses the full-scale coordinates, will be referred to as the nose section. and the remaining section of the hybrid airfoil profile will be referred to as the aft section. The aft section of the hybrid airfoil is then designed to provide full-scale flowfield and droplet-impingement characteristics on the nose section of the hybrid airfoil.
An initial geometry for the aft section is obtained through the use of PRO FOIL. a multipoint inverse airfoil design code.
16
The design of the intermediate airfoil. from which the aft section of the hybrid airfoil is derived, is governed by several constraints. namely, the scale of the hybrid airfoil. the upper and lower surface thickness and slope at the junction between the nose and aft sections. and a desired form for the pressure recovery characteristics. Apart from these constraints. additional continuity and closure constraints that form an integral part of the inverse design methodology are also satisfied to achieve a physically realizable design.'" A multidimensional Newton iteration scheme is employed to satisfy these constraints.
The flow over the hybrid airfoil is then analyzed using the XFOILIAIRDROP code. To have a physically similar flow in the vicinity of the nose section of both the hybrid and the fullscale airfoils, the analysis is performed at the same angle of attack relative to the nose-section chord of both airfoils. The local velocity distributions over the nose section and the stagnation point locations on ~oth the hybrid and full-scale airfoils are then compared. If the desired velocity distribution over the nose section and stagnation point location are not achieved, the aft section of the hybrid airfoil is redesigned and again merged with the nose section to form a new hybrid airfoil. The flow over the new hybrid airfoil is then analyzed and compared with that of the full-scule airfoil. The process is repeated until the desired velocity distribution over the nose section is achieved.
In the next step. the droplet trajectories and impingement characteristics are determined from the XFOIL/AIRDROP code. The individual droplet trajectories are combined to calculate the droplet-impingement characteristics of the airfoil. The droplet-impingement characteristics of both the full-scale and hybrid airfoil are then compared. If the agreement in the droplet-impingement characteristics is poor, the hybrid airfoil is modified and the design process is repeated again until good agreement is reached. At this stage, the single-point design is accomplished. To achieve off-design full-scale ice accretions or droplet-impingement characteristics, a plain flap is employed on the hybrid airfoil. Thus, by deflecting the flap, the desired droplet-impingement characteristics are achieved over the hybrid airfoil for the off-design cases.
The off-design cases reveal, as will be shown in the next section, certain important limitations of the design method. These limitations include I) the onset of flow separation on the hybrid airfoils at moderate to high angle of attack conditions. and 2) a mismatch in the velocity distribution on the nose section at off-design angles of attack. The former limitation can be improved either by using a more sophisticated flap system or by applying less conventional techniques, such as boundary-layer control through slot suction 30 ' 31 or circulation control through trailing-edge blowing. The latter, however, is an important limitation of the present design method and can be overcome by using a multipoint design approach.
As mentioned earlier, the current study is an extension of the subscale airfoil design method first presented in Ref. 13. Reference 13 not only indicates that the subscale airfoil design method uses validated computational aerodynamic and droplet-impingement codes but also cites additional references in which these codes have been successfully applied to the design and analysis of airfoils for various applications and, thus, establishes the accuracy of numerical results it ptesents, as well as those pres~nted in this paper.
Implementation
In this section, the effects of various parameters on two single-point airfoil designs are discussed. In particular, two halfscale hybrid airfoils were designed at different angles of attack such that they simulated both the full-scale velocity distribution on the nose section as well as droplet-impingement characteristics at the design conditions (single-point design). The off-design full-scale velocity distribution and dropletimpingement characteristics of each hybrid airfoil are compared to highlight important limitations of the present method.
Single-Point Design and Simulation
The design of two half-scale models of the GLC 305 airfoil that simulate full-scale velocity distribution and droplet-impingement characteristics is presented. Of the two hybrid airfoils, hybrid airfoil A is designed to simulate full-scale ice Although it is realized that in flight the conditions will change with the angle of attack, the conditions for both angles of attack are held constant here to simply illustrate the method. As a first step. the droplet-impingement efficiency {3 for the GLC 305 airfoil that corresponds to the given flight and icing conditions is determined by the XFOIL/AIRDROP code.
The results are shown in Fig. 3 . For a = 6 deg, the XFOIL/ AIRDROP code predicts the maximum limits of impingement as s. = 0.0076 (x/c = 0.002) on the upper surface and s 1 = -0.1822 (:de= 0.174) on the lower surface. Because the limits of impingement define the surface over which ice will accrete on the airfoil, only that part of the full-scale airfoil geometry needs to be fixed as the nose section for the hybrid airfoil. Thus, s Fig. 7 Comparison of full-scale and hybrid airfoil A droplet-impingement efficiencies for design a at a) 5-and b) 40-,.un droplets.
ulation is complete, and the two hybrid airfoils along with the Learjet 305 airfoil are shown in Fig. 6 .
Effect of Droplet Size
The droplet-impingement characteristics of an airfoil. i.e .. the limits of droplet impingement, {3. and the rnax.imum point on the {3 curve (referred to as f3m,,.), depend to a large ex.tent on the size of the water droplets in the flow. Por the case of small droplets. the droplet drag dominates and the particles are very responsive to the flowfield and. therefore. act almost as flow tracers; whereas. in the case of large droplets, the droplet inertia dominates and the particles are less sensitive to changes in the flowfield. Changes in flow velocity for constant droplet size follow a similar trend. Thus, an increase in the droplet size or the flow velocity results in an increase in {3. f3mu• and the limits of droplet impingement. It is therefore interesting to examine the effect of different droplet sizes on full-scale droplet-impingement characteristics at constant flow velocity. Because, in natural icing clouds, the water droplets have volume median diameters ranging from 5-40 J.tiTI. the impingement characteristics of hybrid airfoil A were determined for two different droplet sizes. The results are presented in Fig. 7 and show good agreement where the droplet sizes are less than that selected for the single-point design. For larger droplet sizes. a good overall agreement can be seen, but the limits of {3 and f3m., differ slightly. Similar results were also observed in hybrid airfoil B.
Off-Design Simulation
To simulate full-scale ice-accretion or droplet-impingement characteristics throughout a desired a range. a fiap system was employed on each of the hybrid airfoils. The objective was to match both the velocity distribution and the droplet-impingement characteristics at any off-design angle of attack by an appropriate amount of flap deflection. To accomplish this task the two hybrid airfoils were analyzed at off-design angles of attack; in particular. hybrid airfoil A. designed to simulate conditions at a = 2 deg, was analyzed at a = 6 deg. and hybrid airfoil B. designed to simulate conditions at a = 6 deg, was analyzed at a = 2 deg. Other tlight and icing conditions were kept the same as shown in Table I . The results are shown in Figs. 8 and 9 , in which the hybrid airfoil velocity distribution and droplet-impingement characteristics are shown with and without the appropriate flap deflection necessary to simulate full-scale droplet-impingement characteristics. The results show that, although the use of a flap on hybrid airfoils can be quite effective in simulating full-scale droplet-impingement characteristics at an off-design condition (the {3 curves for the full-scale and hybrid airfoils are cotnctdent), the flap does not yield the full-scale velocity distnbutton over the hybrid-airfoil nose section. To determine the optimum flap setting, the root-mean-square ( RMS) difference in local impingement effiCiency RMS~ and in normalized surface velocity R~vtS.-. were calculated for dif- airfoils with that of the full-scale airfoil. The results indicate that the hybrid airfoils require less circulation than the fullscale airfoil to simulate full-scale droplet impingement, and that the difference between the full-scale and hybrid airfoil circulation is nearly constant until significant flow separation occurs on the hybrid airfoils. Beyond this point the hybrid airfoil circulation starts to fall off gradually and, therefore, suggests the limit to which a hybrid airfoil can be used to simulate full-scale droplet-impingement characteristics.
It is important to note in Figs. 10 and II that the RMS;; values are an order of magnitude higher than the corresponding RMS". Although contributions to the RMS values caused by numerical noise cannot be ruled out completely. differences in surface velocity may affect the thermodynamics of ice accretion. Thus, it becomes necessary to incorporate the ice accretion process in the design method, in addition to flow and droplet-impingement analysis.
The effect of larger droplet size on the off-design simulation is shown in Fig. 13 . Similar trends can be observed as in the on-design case. Because large-sized droplets result in an increase in the limits of impingement. they, together with the angle of attack of interest, may dictate the size of the nose section and, thus, limit the range of application of the present method.
Conclusions
From this work it has been shown that 11 is possible to design hybrid airfoils with full-scale leading edges and redesigned aft sections that exhibit full-scale airfoil water droplet-impingement characteristics throughout a given angle-of-attack range. The results indicate the usefulness of a flap system in simulating off-design full-scale droplet-impmgement characteristics. The use of a flap for full-scale droplet-impingement simulation is, however, restricted to low and moderate angles of attack, because at high absolute angles of attack together with high flap deflections, the hybrid airfoils become susceptible to flow separation. It should be possible to overcome this limitation, however, by the use of a more sophisticated flap system or by the application of boundary-layer control methods.
The results of the off-design simulation also reveal the existence of small differences in surface velocity distribution within the limits of droplet impingement. Because this difference in surface velocity will affect the thermodynamics of ice accretion and prevent full-scale ice-accretion simulation. the present method should be modified to include also the effects of ice accretion in the design of hybrid airfoils.
